Abstract Hippocampal neurogenesis, important for memory and mood function, wanes greatly in old age. Studies in rat models have implied that this decrease is not due to loss of neural stem cells (NSCs) in the subgranular zone of the dentate gyrus (DG) but rather due to an increased quiescence of NSCs. Additional studies have suggested that changes in the microenvironment, particularly declines in the concentrations of neurotrophic factors, underlie this change. In this study, we compared the expression of 84 genes that are important for NSC proliferation and neurogenesis between the DG of young (4 months old) and aged (24 months old) Fischer 344 rats, using a quantitative real-time polymerase chain reaction array. Interestingly, the expression of a vast majority of genes that have been reported previously to positively or negatively regulate NSC proliferation was unaltered with aging. Furthermore, most genes important for cell cycle arrest, regulation of cell differentiation, growth factors and cytokine levels, synaptic functions, apoptosis, cell adhesion and cell signaling, and regulation of transcription displayed stable expression in the DG with aging. The exceptions included increased expression of genes important for NSC proliferation and neurogenesis (Stat3 and Shh), DNA damage response and NFkappaB signaling (Cdk5rap3), neuromodulation (Adora1), and decreased expression of a gene important for neuronal differentiation (HeyL). Thus, age-related decrease in hippocampal neurogenesis is not associated with a decline in the expression of selected genes important for NSC proliferation and neurogenesis in the DG.
residing in the subgranular zone (SGZ) of the dentate gyrus (DG) and differentiation of newly born cells into granule cells in the granule cell layer (GCL) of the DG, occurs all through life (Gage 2002; Gould 2007; Leuner and Gould 2010) . This phenomenon has received widespread attention because of its perceived role in functions such as learning, memory, and mood (Aimone et al. 2006; Clelland et al. 2009; Drapeau et al. 2003; Dupret et al. 2007; Eisch et al. 2008; Imayoshi et al. 2008; Jessberger et al. 2009; Kee et al. 2007; Kuhn et al. 1996; Leuner et al. 2006; Sahay and Hen 2007; Santarelli et al. 2003) . However, the extent of neurogenesis progressively declines with age resulting in~90 % decline in old age (Kuhn et al. 1996; Rao et al. 2005 Rao et al. , 2006 . As old age is also associated with decreased ability for hippocampaldependent learning and memory function and increased incidence of depression, there is a widespread interest to understand the mechanisms underlying the age-related decrease in neurogenesis and to develop strategies that increase neurogenesis in the aged hippocampus (Bachstetter et al. 2008; Bernal and Peterson 2004; Lie et al. 2005; Drapeau and Abrous 2008; Hattiangady et al. 2007; Jessberger and Gage 2008; Miranda et al. 2012) .
Multiple studies have shown that age-related decrease in neurogenesis is a result of proliferation of far fewer NSCs in the SGZ (Hattiangady and Shetty 2008; Kuhn et al. 1996; Nacher et al. 2003; Olariu et al. 2007; Rao et al. 2005 Rao et al. , 2006 . Examination of the putative NSCs using markers such as Sox-2, GFAP, and vimentin over the course of aging has revealed no changes in NSC numbers in the rodent SGZ with aging (Aizawa et al. 2011 ; however, see Encinas et al. 2011; Hattiangady and Shetty 2008) . Interestingly, a combined analysis using a birth-dating marker 5′-bromodeoxyuridine and an endogenous proliferation marker Ki-67 has suggested an increased quiescence of NSCs in the aged rat's SGZ (Hattiangady and Shetty 2008) . Additional studies suggest that changes in the milieu, particularly declines in the concentrations of multiple neurotrophic factors that are mitogenic to NSCs in the hippocampus and changes in neurotrophic factor receptors and stem cell niche, likely underlie this change (Chadashvili and Peterson 2006; Hattiangady et al. 2005; Shetty et al. 2005) . These include decreases in the concentration of brain-derived neurotrophic factor (Bdnf), fibroblast growth factor (Fgf-2), insulin-like growth factor (Igf-1), vascular endothelial growth factor (Vegf), and an increased expanse between NSCs and vasculature. However, it is unknown whether the expression of groups of genes that are important for NSC function and neurogenesis is altered in the aged DG. With an interest to investigate the molecular processes that are potentially involved in the age-related decline of hippocampal neurogenesis, we investigated changes in the expression of genes that are important for NSC proliferation, differentiation, and neurogenesis in the DG with aging. We specifically compared the expression of stem cell-and neurogenesis-related genes between the young (4 months old) DG and the aged (24 months old) DG, using a quantitative real-time polymerase chain reaction (qRT-PCR) array. For this, we employed "The Rat Neurogenesis and Neural Stem Cells RT 2 Profiler TM PCR Array" from SABiosciences, which profiles the expression of 84 genes that are important for cell proliferation, cell cycle, cell migration, cell differentiation, synaptic functions, apoptosis, growth factors, and cytokines.
Materials and methods

Animals and dissection of DG tissue
Young adult (4 months old) and aged (24 months old) male Fischer 344 (F344) rats, obtained from the National Institute of Aging colony at Harlan Sprague Dawley Inc. (Indianapolis, IN), were used in this study. Prior to the experiment, all animals were housed for 2 weeks in an environmentally controlled room (~23°C) with a 12:12-h light-dark cycle and were given food (commercial rat chow) and water ad libitum. We chose F344 rats for this aging study because the genetic background, the normal life span, and the development of these rats are reasonably well defined (Coleman et al. 1977) . Institutional animal care and use committees of Duke University Medical Center, Durham Veterans Affairs Medical Center, and Texas A&M Health Science Center approved the experiments performed in this study. Both young adult and aged animals (n=5 per group) were killed by an overdose of anesthesia, the brains were rapidly removed from the skull, and the entire hippocampus was swiftly dissected from each cerebral hemisphere . Using a dissection microscope, the DG was then separated from the hippocampal CA1 and CA3 subfields using microscissors. However, the dissected DG also contained the hippocampal CA3c subregion, as the part of CA3 pyramidal cell layer that is inserted between the two blades of the dentate granule cell layer could not be removed. Coronal slicing and examination of the dissected DG (from additional samples) revealed the existence of appropriate cell layers in the dissected pieces of tissues.
RNA extraction from DG tissues and first-strand cDNA synthesis
The DG samples obtained from the hippocampus of intact young adult rats and intact aged rats (n=5/ group) were used for qRT-PCR array. For this, we first extracted total RNA from individual DG tissues belonging to different animals of the two groups. The total RNA was extracted using Aurum Total RNA Mini Kit (Bio-Rad, Hercules, CA) using the manufacturer's instructions. The RNA concentration (A260) and quality (A260/A280 ratio) were determined using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE). The total RNA was used to synthesize the template cDNA. For this, we used "The RT The template cDNA (102 μl) from each sample was mixed with 1,350 μl of 2X RT 2 qPCR master mix (SABiosciences, Qiagen, Valencia, CA) and 1,248 μl of dH 2 O for a total volume of 2,700 μl. Twenty-five microliters of this experimental cocktail was then transferred to each well on the 96-well PCR array plate comprising pre-dispensed gene-specific primer sets (i.e., "The Rat Neurogenesis and NSCs RT 2 Profiler TM PCR Array" from SABiosciences, Catalog # PARN404, Qiagen, Valencia, CA). Each array consisted of primer sets of 84 genes related to neurogenesis and NSCs. This comprised of genes that are important for cell proliferation, cell cycle, cell migration, cell differentiation, synaptic functions, apoptosis, growth factors, and cytokines. Each array also comprised five housekeeping genes and three RNA and three PCR quality controls. Housekeeping genes from this point forward will be referred to as "HKGs." Reactions were carried out in PCR array kits using a CFX96 real-time system (Bio-Rad, Hercules, CA). The PCR amplification followed a two-step cycling program: 10 min denaturation at 95°C, 40 cycles of 95°C for 15 s, and 60°C for 1 min. At the end of the amplification assay, a melt curve analysis was conducted to evaluate the specificity of the reaction. The melting temperature of a DNA double helix depends on its base composition (and its length if it is very short). At the melting point, the two strands of DNA will separate and the fluorescence rapidly decreases. The conditions for the melt curve were 95°C for 10 s, followed by incremental increase of 0.5°C every 5 s from 65 to 95°C.
Fold change calculations and data analyses
Analysis of the expression of individual genes was determined by the defined template developed by SABiosciences (Qiagen) using instructions at their PCR Array Data Analyses website. The fold change calculation involved the following: First, due to the inverse proportional relationship between threshold cycle (Ct) and the original gene expression level, and doubling of the amount of product in every cycle, the original expression level (L) for each gene of interest was expressed as L=2 −Ct .
Second, to normalize the expression level of a gene of interest (GOI) to HKGs, the expression level of the GOI is divided by the expression level of HKG:
values (n=5/group) were next compared between young and aged DG using a two-tailed, unpaired Student's t test.
Results
Neural stem cell-and neurogenesis-related gene expression in the young and aged DG The expression of genes in the young and aged DG in this study was determined using five stable HKGs (Rplp1, similar to 60S acidic ribosomal protein P1; Hprt, hypoxanthine guanine phosphoribosyl transferase; Rpl13a, ribosomal protein L13A; Ldha, lactate dehydrogenase A; Actb, actin, beta). The expression of all HKGs was stable between the young and aged DG (data not shown). Furthermore, the expression of a vast majority of genes pertaining to NSC function and neurogenesis was found to be stable with aging in the DG. The expression levels of various genes belonging to different categories are described below.
Cell proliferation genes
To determine age-related changes in the expression of genes involved in positive and negative regulation of cell proliferation, the expression of anaplastic lymphoma kinase (Alk), brain-specific angiogenesis inhibitor 1 (Bai1), chemokine C-X-C motif ligand 1 (Cxcl1), epidermal growth factor (Egf), V-er-b2 erythroblastic leukemia viral oncogene homolog 2, neuro/glioblastoma-derived oncogene homolog (Erbb2), fibroblast growth factor-2 (Fgf-2), interleukin-3 (IL-3), leukocyte-specific transcript 1 (Lst1), necdin homolog (Ndn), neurophilin 1 (Nrp1), notch homolog 2 (Notch2), pleiotrophin (Ptn), and vascular endothelial growth factor A (Vegfa) was measured and compared between the young and aged DG (Table 1) . Among these genes, Egf, Fgf-2, and Vegf are well known as NSC mitogenic factors (Cheng et al. 2002; Jin et al. 2003) , whereas Notch2 plays a role in a variety of developmental processes by controlling cell fate decisions (Larsson et al. 1994) . Ptn, initially recognized as a neurite outgrowth-promoting factor present in the developing rat brain (Rauvala and Pihlaskari 1987) , is expressed in an activity-dependent manner in the adult hippocampus where it can suppress long-term potentiation induction (Lauri et al. 1996; Pavlov et al. 2002) . Statistical analyses revealed that none of the above genes exhibited change in their expression with aging (Table 1) .
Cell cycle genes and genes regulating cell motility and migration
The expression pattern of different cell cycle genes in the young and aged DG is shown in Table 1 . These include cell cycle arrest genes such as the amyloid beta precursor protein-binding, family B, member 1 (Apbb1), inhibin beta A (Inhba), myeloid/leukemia or mixed-lineage leukemia 1 (Mll1), Notch2, and other regulators of cell cycle, namely, E1A-binding protein p300 (Ep300), histone deacetylase 4 (Hdac4), histone deacetylase 7 (Hdac7), midkine (Mdk), S100 calcium-binding protein A6 (S100a6), and partitioning defective 6 homolog beta (Pard6b). None of these genes exhibited statistically significant changes in their expression with aging (Table 1) . We also measured the expression of several genes important for the regulation of cell motility and migration. Most genes belonging to this category such as filamin alpha (Flna), netrin1 (Ntn1), platelet-activating factor acetylhydrolase isoform 1b alpha subunit (Pafah1b1), and slit homolog 2 (Slit2) displayed no changes in their expression between the young and aged DG (Table 1) . However, signal transducer and activator of transcription 3 (Stat3) gene showed a significant increase in its expression with aging ( Fig. 1) .
Genes regulating cell differentiation
We measured genes that regulate neuronal differentiation, namely, cyclin-dependent kinase (Cdk) regulatory subunit protein 1 (Cdk5rap1), Cdk regulatory subunit protein 2 (Cdk5rap2), cyclin-dependent kinase 5 regulatory subunit 1 (Cdk5r1), and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein (Ywhah). Interestingly, none of these genes exhibited a significant change in expression with aging, implying that genes mediating neuronal differentiation remain stable with aging in the DG. A similar trend was mostly observed for the expression of genes that are involved in cell fate determination and regulation of cell differentiation. These include the expression of achaete-scute complex homolog (Ascl1), delta-like 1 (Dll1), Hdac4, Hdac7, Inhba, Mdk, neurogenic differentiation 1 (Neurod1), neuronal cell adhesion molecule (Nrcam), noggin (Nog), neuregulin 1 (Nrg1), Notch 2, paired box 2 (Pax2), and paired box 6 (Pax6) ( Table 1) . However, genes encoding sonic hedgehog (Shh) and Cdk regulatory subunit protein 3 (Cdk5rap3, a putative tumor suppressor) exhibited significantly increased expression with aging (Fig. 2) .
Growth factor and cytokine genes and genes involved in synaptic functions
We measured the expression of genes of multiple growth factors and cytokines as a function of age. These include artemin (Artn), Bdnf, bone morphogenetic protein (Bmp) 15, Bmp2, Bmp4, Bmp8a, Cxcl1, Egf, Fgf-2, Fgf-13, glial cell line-derived neurotrophic factor (Gdnf), glucose phosphate isomerase (Gpi), IL-3, Inhba, Mdk, Norrie disease-pseudoglioma (Ndp), Nrg1, Ptn, and Vegfa. None of these genes exhibited a significant change in expression with aging in the DG.
Furthermore, genes involved in synaptic functions such as acetylcholinesterase (Ache), apolipoprotein E (Apoe), cholinergic receptor muscarinic 2 (Chrm2), discs, large homolog 4 (Dlg4), dopamine receptor genes Drd2 and Drd5, glutamate receptor ionotropic N-methyl-D-aspartate (Grin1), neuronal pentraxin 1 (Nptx1), Nrcam, POU class 4 homeobox 1 (Pou4f1), S100 calcium-binding protein b (S100b), and Ywhah exhibited no changes in their expression with aging.
Genes involved in apoptosis and cell adhesion
Most of the genes involved in apoptosis and cell death exhibited no changes in expression with aging. These include the expression of adenosine A 2 receptor (Adora2a), Apoe, Ep300, Gdnf, Inhba, Notch2, Ntn1, Pax3, reticulon-4 (Rtn4), S100b, semaphorin-4D (Sem4d), Vegfa, and Ywhah (Table 1) . However, one exception in this group is the adenosine A 1 receptor (Adora1), the expression of which was significantly increased with aging (Fig. 3a) . Furthermore, examination of the expression of genes involved in cell adhesion revealed no changes in their expression with aging in the DG. The genes studied in this group included Ache, Bai1, Dll1, ephrin-B1 (Efnb1), fasciculation and elongation protein zeta-1 (Fez1), neuropilin 2 (Nrp2), Nrcam, Nrp1, partitioning defective 3 homolog (Pard3), Ras-related C3 botulinum toxin substrate 1 (Rac1), roundabout homolog 1 (Robo1), Sem4d, Slit2, and tenascin-R (Tnr) ( Table 1) .
Cell signaling genes important for neurogenesis and genes involved in regulation of transcription
We examined the possible changes in the expression of cell signaling genes involved in neurogenesis with aging in the DG. These include Adora2a, Bai1, Chrm2, Cxcl1, Dll1, disheveled dsh homolog 3 (Dvl3), guanine nucleotide-binding protein alpha O polypeptide (Gnoa1), Notch2, and nuclear receptor coactivator 6 (Ncoa6). None of these genes exhibited significant changes in their expression between the young and aged DG. We also quantified changes in the expression of genes involved in the regulation of transcription with aging. This comprised measurement of the expression of Apbb1, aryl hydrocarbon receptor nuclear translocator 2 (Arnt2), Ascl1, Ep300, Hdac7, hairy enhancer of split 1 (Hes1), and hairy enhancer of split related with YRPW motif 1 (Hey1), Hey2, hairy enhancer of split related with YRPW motif-like (HeyL), Mll1, myocyte enhancer factor 2C (Mef2c), Ncoa6, Ndn, Neurod1, Notch2, Pax2, Pax3, Pax6, Pou4f1, POU class 3 homeobox 3 (Pou3f3), SRY (sex-determining region Y)-box 8 (Sox8), and Stat 3. With the exception of Stat3 and HeyL, all other genes in this category exhibited no differences in their expression between the young and aged DG ( Table 1 ). The expression of Stat3 was increased (as shown in Fig. 1 Comparison of the expression of Stat3 between the young and aged DG. The y-axis numbers denote the expression level of Stat3 (mean ± SEM) normalized to the expression of housekeeping genes (HKGs) and labeled as 2 −ΔCt . *p<0.05 Fig. 2 Comparison of the expression of Shh (a) and Cdk5rap3 (b) between the young and aged DG. The yaxis numbers denote the expression level of genes (mean ± SEM) normalized to the expression of housekeeping genes (HKGs) and labeled as 2 −ΔCt . *p<0.05; **p<0.01 Fig. 1 earlier) , and the expression of HeyL was significantly decreased (Fig. 3b) .
Discussion
We investigated the molecular processes that are potentially involved in NSC proliferation, differentiation, and neurogenesis in order to determine whether the age-related decline of neurogenesis has any link to changes in the expression of genes in the DG. Our study provides novel evidence that greatly diminished neurogenesis in the aged DG is not associated with declined expression of selected genes that mediate NSC proliferation and neurogenesis. However, this study suggests that a few genes important for NSC proliferation and neurogenesis (Stat3 and Shh), DNA damage response and NF-kappaB signaling (Cdk5rap3), and neuromodulation (Adora1) exhibit an increased expression, and a gene involved in neuronal differentiation (HeyL) displays decreased expression in the aged DG.
Aged DG displays stable expression of genes that are known to regulate NSC proliferation Measurement of the expression of 12 genes (Alk, Bai1, Cxcl1, Egf, Fgf-2, IL-3, Lst1, Ndn, Notch2, Nrp1, Ptn, and Vegfa) important for NSC proliferation in the DG revealed no significant changes between young and old age. This finding is surprising in the light of earlier observations in rat models that a dramatic decline in the proliferation of NSCs occurs in the DG between young and old age (Olariu et al. 2007; Rao et al. 2006 ), but NSC numbers are preserved in the SGZ during the course of aging (Hattiangady and Shetty 2008) . Furthermore, most studies on rodent models point out that proliferation of far fewer NSCs in the aged DG underlies the age-related reduction in net hippocampal neurogenesis (Cameron and McKay 1999; Hattiangady and Shetty 2008; Heine et al. 2004; Kuhn et al. 1996; McDonald and Wojtowicz 2005; Rao et al. 2005; Seki and Arai 1995; Walter et al. 2011 but see Encinas et al. 2011 . Consistent with this, other studies have shown that aging in the hippocampus is associated with alterations in NSC proliferation factors such as decreased concentrations of neurotrophic factors that are mitogenic to NSCs Shetty et al. 2005; Zeng et al. 2011 ).
However, age-related changes in the concentration of NSC proliferation factors in the hippocampus do not positively correlate with the extent of their gene expression found in this study. For instance, earlier studies have shown significant age-related decreases in the concentration of Fgf-2 and Bdnf proteins in the hippocampus Shetty et al. 2005) . In contrast, the current study shows that the expression of Fgf-2 and Bdnf genes is unchanged in the aged DG. A recent study has also found discrepancy between gene expression and protein concentration for Vegf and Fgf-2 in the DG of aged rats (Bernal and Peterson 2011) . As proteins are the actual cellular players for most genes, one would expect to have a positive correlation between expression levels of genes and concentrations of proteins they make. However, it is not uncommon to see only a partial correlation between gene expression and the amount of functional protein in a given region (Brockmann et al. 2007) . This is because of the following: First, numerous posttranscriptional regulation mechanisms such as mRNA processing, export, localization, and translation could affect the overall translational efficiency (Gingold and Pilpel 2011; Mata et al. 2005) . Fig. 3 Comparison of the expression of Adora1 (a) and HeyL (b) between the young and aged DG. The yaxis numbers denote the expression level of genes (mean ± SEM) normalized to the expression of housekeeping genes (HKGs) and labeled as 2 −ΔCt . *p<0.05
Second, factors such as the transcript decay rate, translation rates, ribosome occupancy, and ribosome density can also influence the levels of proteins (Dever 2002; Gebauer and Hentze 2004; Raghavan et al. 2002) . Third, the concentrations of proteins at posttranslational time points depend on the degree of protein modifications and degradation. Fourth, multiple micro-RNAs (miRNAs, single stranded small noncoding RNAs) can modulate mRNA functions and result in changes in the overall protein production. For example, target mRNA recognition by the miRNA leads to a decrease in the abundance of proteins encoded by the target mRNA. This has been explained by several mechanisms including posttranscriptional degradation of the target, translational repression, and deadenylationdependent target decay through partially complementary miRNA target sites in mRNA untranslated regions (Maroney et al. 2006; Petersen et al. 2006; Schouten et al. 2012) . Thus, it is likely that one or more of the above posttranscriptional modifications underlie the discrepancy observed in the measured gene expression and protein concentration (Lindner and Demarez 2009) .
Expression of most genes important for cell cycle, cell migration, and differentiation is unaltered in the aged DG
The expression of genes that regulate cell cycle function (Apbb1, Ep300, Hdac4, Hdac7, Inhba, Mdk, Mll1, Notch2, Pard6b, and S100a6) was unaltered with aging in the DG. Furthermore, a vast majority of genes related to cell migration and cell differentiation examined in this study showed no changes in expression with aging. However, the aging DG exhibited decreased expression of HeyL and increased expression of Cdk5rap3. HeyL is expressed in multiple neural structures during development and is believed to be important for neuronal differentiation (Gray et al. 2004; Jalali et al. 2011) . A recent study further demonstrates that overexpression of HeyL in NSCs promotes neuronal differentiation by activating proneural genes and inhibiting other Hes and Hey proteins (Jalali et al. 2011 ). In the adult DG, expression of HeyL is low but appears to be localized to some cells in the SGZ-GCL region (based on Allen Brain Atlas). Cdk5rap3 encodes a protein called Cdk5 regulatory subunit-associated protein 3. This protein binds to p25NCK5A, an activating subunit of neuronal CDC2-like kinase involved in neuronal differentiation (Ching et al. 2000) , DNA damage response, and NF-kappaB signaling (Wu et al. 2010 ). In the DG, Cdk5rap3 is localized robustly to cells in the SGZ-GCL; however, some expression is also seen in the dentate hilus and the CA3c pyramidal cell layer (based on Allen Brain Atlas). Increased expression of Cdk5rap3 and unaltered expression of many other genes important for cell fate determination and neuronal differentiation (Cdk5r1, Cdk5rap1, Cdk5rap2, Ywhah, Dll1, Shh, Hdac4, Hdac7, Inhba, Mdk, Neurod1, Nog, Nrg1, and Pax6) likely maintain the neuronal differentiation of newly born cells in the aged DG closer to levels seen in the young DG. This gene expression pattern is consistent with the earlier observation that neuronal fate-choice decision of newly born cells in the DG is unaltered with aging (Rao et al. , 2006 . Furthermore, Cdk5rap3 is involved in modulating the G2/M DNA damage checkpoint and can associate with and regulate the Cdk1-cyclin B1 complex, which is the driving force for mitotic entry (Jiang et al. 2009 ). Studies suggest that Cdk5rap3 promotes Cdk1 activation and mitotic entry in both unperturbed cell cycle progression and DNA damage response (Jiang et al. 2009 ). In this context, increased expression of Cdk5rap3 in the aged DG may be to counteract the senescent changes (such as increased quiescence) that are believed to occur in NSCs of the aged DG (Hattiangady and Shetty 2008; Encinas et al. 2011 ).
Expression of Stat3 and Shh genes is enhanced in the aged DG
Stat3 is a transcription factor that is known to promote cytokine-and growth factor-induced signals in cells that result in responses such as proliferation, differentiation, and apoptosis (Ihle 2001) . In the DG, Stat3 expression is very low and localized to a small fraction of cells that are randomly distributed in the SGZ-GCL and molecular layer, based on illustrations in Allen Brain Atlas. However, a previous study reported that conditional ablation of Stat3 in SGZ-NSCs reduces neurogenesis, implying that Stat3 signaling is essential for achieving normal levels of neurogenesis in the adult DG (Muller et al. 2009 ). On the other hand, Shh is a soluble extracellular signaling protein that was first discovered to have a role in cell differentiation in the developing brain (Ruiz et al. 2002; Faigle and Song 2012) . In the DG, Shh gene expression is very low and appears to be restricted to a small fraction of cells in the SGZ-GCL region (based on illustrations in Allen Brain Atlas). The cell types that release Shh in the SGZ-GCL neurogenic niche are believed to be astrocytes (Jiao and Chen 2008) . Pertaining to adult hippocampal neurogenesis, studies have shown that overexpression of Shh enhances SGZ-NSC proliferation and inhibition of Shh signaling decreases SGZ-NSC proliferation in the postnatal hippocampus (Lai et al. 2003) . Additional studies suggest that both quiescent NSCs and transit amplifying progenitor cells in the SGZ respond to Shh signaling and contribute to ongoing neurogenesis (Ahn and Joyner 2005; Jiao and Chen 2008) . Considering the above-mentioned results, it is likely that increased expression of Stat3 and Shh genes in the aged DG is likely a compensatory reaction against greatly waned hippocampal neurogenesis seen with aging. However, it remains to be examined in future studies whether increased Stat3 and Shh expression translates to increased Stat3 and Shh proteins in the aged DG.
Genes encoding growth factors, cytokines, synaptic functions, apoptosis, cell adhesion, and cell signaling are mostly unaltered in the aged DG
The expression of multiple genes encoding growth factors and cytokines (Artn, Bdnf, Bmps, Egf, Fgf-2, Gdnf, IL-3, Inhba, Mdk, Ndk, Ndp,Nrg1, Ptn, Vegfa, etc.), synaptic functions (Ache, Apoe, Chrm2, Dlg4, Drd2, Drd5, Grin1, Nptx1, Nrcam, Pou4f1, S100b), apoptosis (Adora2a, Apoe, Ep300, Gdnf, Inhba, Notch2, Ntn1, Pax3, Rtn4, S100b, Sema4d, Vegfa, Ywhah), and cell adhesion (Ache, Bai1, Dll1, Efnb1, Fez1, Nrcam, Nrp1, Nrp1, Pard3, Rac1, Robo1, Sem4d, Slit2, Tnr) was unchanged in the aging DG, implying that any age-related changes in these proteins are not linked to changes in their gene expression. However, the expression of Adora1 was significantly increased in the aged DG. Adora1 encodes the adenosine A 1 receptor that binds to adenosine, which is an endogenous neuromodulator and anticonvulsant (Boison 2008; Townsend-Nicholson et al. 1995) . The expression of Adora1 is robust in pyramidal cell layers of CA3a and CA3b subregions. However, in the DG, the expression of Adora1 is low but is seen in isolated cells localized to the SGZ-GCL, the CA3c subregion, and the dentate hilus (based on Allen Brain Atlas). Increased expression of Adora1 in the aged DG may represent a compensatory reaction because aging is associated with increased hippocampal excitability (Koh et al. 2010) and activation of adenosine A 1 receptors can reduce epileptiform activity and seizure-induced hippocampal damage (Hamil et al. 2012 ).
Conclusions
Our study provides novel evidence that age-related decline in hippocampal neurogenesis is not associated with decreased expression of selected genes that are known to mediate NSC proliferation and neurogenesis in the DG. This study also suggests that the expression of a few genes important for NSC proliferation and neurogenesis (Stat3 and Shh), DNA damage response and NF-kappaB signaling (Cdk5rap3), neuromodulation (Adora1), and neuronal differentiation (HeyL) is altered with aging in the DG. However, as this investigation used the entire DG (comprising NSCs, dentate granule cells, CA3c pyramidal neurons, and glia) for qRT-PCR analyses, studies that quantify gene expression in distinct cell populations of the SGZ are required in the future to ascertain specific age-related changes in gene expression within SGZ-NSCs and their niche cells.
